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alleviated if the pollutant was depleted from solution in the 
course of the incubation with potato pulp and  H2O2.
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Introduction
In an industrialized environment, a pressing matter of con-
cern is the growing pollution. By the US EPA, phenol and 
some of its derivatives are classified as the priority pol-
lutants, because of their toxicity in low doses, mutagenic, 
and teratogenic effects [1]. Among them, 2,4-dichlorophe-
nol (2,4-DCP) is considered to be toxic and persistent in 
the environment, due to the presence of two halogenated 
atoms in the phenol ring [2]. Aside from being teratogenic 
and mutagenic, 2,4-DCP causes renal failure, pulmonary 
edema and anemia and is easily absorbed into human body 
[3]. Chlorophenols are abundant in the effluents and are 
released to the environment, for example, through the activ-
ity of pharmaceutical, metallurgic, and textile industry [4].
Conventional methods of removing 2,4-DCP from water 
and soil have been in use for many years and include chem-
ical oxidation, solvent extraction, and liquid membrane 
permeation. However, they are usually very expensive and 
may lead to the formation of compounds more toxic than 
the initial pollutant [5]. Another popular method for toxic 
wastes removal is adsorption, which gives good results, but 
usually needs expensive activated carbon to work with high 
efficiency. Recently, agricultural wastes are used as a cheap 
adsorbent source, but the method has yet to gain popularity 
[6].
An interesting alternative to all those methods is a 
2,4-DCP removal by hairy roots cultures. Such a culture 
Abstract Recently it was reported that potato pulp, a side 
product of starch industry, is potentially applicable for the 
decontamination of phenol-polluted wastewater, due to its 
high peroxidase content. Regarding the toxicity and the 
persistence in the environment, the phenol is surpassed 
by its chlorinated derivatives, such as 2,4-dichlorophenol 
(2,4-DCP). In this study we demonstrated that potato pulp 
may be used for the decontamination of 2,4-DCP solutions 
in a peroxidase-catalyzed reaction. Due to its peroxidase 
activity, potato pulp displayed a very high potential for 2,4-
DCP removal, with the reaction’s efficiency reaching 98% 
under optimal conditions. The peroxidase activity towards 
2,4-DCP was maintained over a wide temperature and pH 
range, and characterized by relatively low  H2O2 demand, 
with respect to other peroxidase-based systems of 2,4-
DCP removal. The toxicity of the post-reaction solutions 
was compared to the toxicity of the unreacted 2,4-DCP 
solutions using phytotest and the MTT test. The results of 
both tests proved that the 2,4-DCP toxicity was effectively 
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is characterized by high genetic stability, high prolifera-
tion rate and an extensive contact surface with the toxic 
compound. However, maintaining hairy root cultures 
still generates costs [2, 3]. Another method utilizes plant 
peroxidases, which have an ability to oxidize phenolic 
compounds to fenoxyradicals, that later undergo spon-
taneous polymerization. Such polymers may be later 
removed from the medium by simple methods, like cen-
trifugation [7]. The enzyme of choice is horseradish per-
oxidase (HRP). It is the best characterized peroxidase, 
and found many applications, including bioremediation, 
antibody conjugated enzyme production and immunoas-
says [8]. However, using purified enzyme preparations 
has its shortcomings—enzymes in this form are prone 
to inactivation and obtaining them is expensive. Thus, 
as an alternative to pure proteins, crude enzyme extracts 
or raw plant parts were considered as an enzyme source 
for remediation processes to lower the costs of remov-
ing pollutants [9, 10]. To improve the enzyme stability, 
the extracts may be immobilized in silicone, alginate, 
activated sludge or magnetic particles [6, 7, 11–13]. An 
alternative to HRP is soybean peroxidase—an enzyme 
with comparable thermal stability and susceptibility to 
inactivation [12]. Besides that, bitter gourd, radish and 
agricultural wastes were assessed as a source of peroxi-
dases for remediation purposes [5, 9, 14].
The key to a widespread use of the alternative materials 
as enzyme sources is their availability and low cost. The 
above conditions are met by potato pulp—a waste product 
of starch industry, which production amounts to million 
tonnes per year in Europe. Our previous study showed, that 
potato pulp peroxidases were able to remove phenol from 
industrial and synthetic waste with high efficiency [15]. 
Since 2,4-DCP is characterized by higher persistency and 
toxicity, compared to phenol, we decided to test, whether 
potato pulp is a suitable material for its remediation.
In order to asses the usefulness of potato pulp for 2,4-
DCP removal we optimized conditions of 2,4-DCP deple-
tion to maximize the reaction efficiency and compared 
them with the published data for phenol. Furthermore, the 
post-reaction effluent was tested for toxicity to asses its 
impact on the environment.
Materials and Methods
Plant Material
Raw potato pulp was obtained from starch industry (PPZ 
Trzemeszno, Poland), portioned and frozen. The mate-
rial was stored in −20 °C and thawed in room temperature 
directly before use.
The Conditions of 2,4-DCP Removal from Synthetic 
Effluent
2,4-DCP removal reactions were conducted in 15 ml poly-
propylene centrifuge tubes. The reaction mixture consisted 
of potato pulp, aqueous solution of 2,4-DCP and  H2O2 in 
a total volume of 2.5  ml. The reaction tubes were incu-
bated for 2  h with 200  rpm shaking, at 20 ± 2 °C. Stand-
ard reaction mixture for 2,4-DCP removal was composed 
of 100 mg of potato pulp, 1–3 mM 2,4-DCP and 2,59 mM 
 H2O2. Samples were incubated for 2 h. Following the incu-
bation, the residual 2,4-DCP was measured spectrophoto-
metrically and the efficiency of its removal was calculated. 
As the reaction medium, tap water was used. 1, 2 and 3 mM 
2,4-DCP solutions were prepared by dissolving 2,4-DCP 
powder in 0.5 ml of methanol and filling up with tap water 
to the desired volume. Stock solution of  H2O2 was prepared 
from 30%  H2O2 by diluting with deionized water.
The optimal conditions for the removal reactions were 
determined by testing the effect of selected experimental 
variables such as potato pulp sample weight,  H2O2 and 
2,4-DCP concentration, pH of the reaction mixture, shak-
ing rate and incubation temperature on the efficiency of 
2,4-DCP removal. Also, the stabilizing effect of PEG was 
assessed. The effect of 2,4-DCP concentration was assessed 
testing its removal efficiency at 1–3  mM concentration 
range, in the presence of 100 mg of potato pulp. The reac-
tion was initiated by adding  H2O2 to the final concentration 
of 2.59 mM. Simultaneously, the effect of polyethylene gly-
col (PEG) 3350 on the reaction efficiency was determined 
by adding PEG in the concentration of 100 and 200 mg/L 
to the reaction mixture. Following the incubation, the effi-
ciency of 2,4-DCP removal was assessed.
Control Variants
Control reactions, where native potato pulp was replaced 
by autoclaved potato pulp, were carried on alongside test 
reactions, to take into account non-enzymatic 2,4-DCP 
degradation. The control reactions were conducted with 
100 mg of autoclaved pulp, 2,4-DCP in the concentration 
range of 1–3 mM and 2.59 mM H2O2. Furthermore, reac-
tions devoid of  H2O2 were performed to exclude the pos-
sibility, that proteins other than peroxidases were involved 
in 2,4-DCP removal. The control reactions were incubated 
under the same conditions as test reactions namely 2 h in 
20 ± 2 °C, with 200 rpm shaking.
H2O2 Determination
To determine the concentration of unreacted  H2O2, its con-
tent was measured using 1 M potassium iodide. 500 µL of 
the post-reaction solution was added to 500 µL of tap water 
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mixed with 1000  μL of 1  M KI. The absorbance of such 
mixture was measured at 390 nm and the concentration of 
 H2O2 was compared with the calibration curve in the range 
of 0–1.75 mM  H2O2.
The Effect of Potato Pulp Inoculum and  H2O2 
Concentration
The effect of potato pulp inoculum on 2,4-DCP removal 
was determined in the course of experiments where 100, 
200, 300 and 400 mg of potato pulp were supplemented to 
the reaction mixtures composed of 1  mM 2,4-DCP solu-
tion and 2.59 mM  H2O2. The effect of  H2O2 concentration 
was determined, using 100  mg of potato pulp inoculum 
and supplementing them with 1 mM 2,4-DCP solution and 
 H2O2 solutions from the concentration of 1.29–4.82 mM.
Effects of pH, Temperature and Shaking Rate 
on 2,4-DCP Removal
The assessment of pH effect on the removal efficiency was 
performed as described above, but the reaction medium 
was buffered to the pH values ranging from 2 to 10.
To assess the effect of temperature on 2,4-DCP removal, 
the samples were incubated in temperatures ranging from 
10 to 60 °C for 2  h. In order to assess the effect of the 
shaking rate on the removal efficiency, the reaction tubes 
were incubated for 2 h under different shaking rates from 
0 to 250  rpm. Then the residual 2,4-DCP was measured 
spectrophotometrically.
Phenols Determination
The residual 2,4-DCP after the reaction was measured 
according to the method of Kinsley and Nicell [16]. In this 
method, 5 μL of  NH4OH, 5 μL of 2% 4-aminoantipyrine, 
and 10  µL of 8% potassium hexacyaniferrate are mixed 
with 1000  µL of post-reaction solution and incubated for 
5 min. After that time, the absorbance of the mixture was 
measured at 510 nm and determined using the calibration 
curve in the range of 5–40 mg/L 2,4-DCP.
Garden Cress (Lepidium sativum) Toxicity Test
Garden cress seeds were preincubated in tap water for 1 h 
and then distributed onto Petri dishes padded with wet 
lignin. Ten seeds were placed into each plate. Preincubated 
seeds were treated with 3 mL of post reaction solutions and 
incubated for 48  h at room temperature. Simultaneously 
negative controls were performed by treating seeds with 
either 3 mL of unreacted 2,4-DCP solution or with 2,4-DCP 
solution incubated with potato pulp, but devoid of  H2O2. 
The experiments included positive controls represented by 
seeds treated with tap water or water supplemented with 
0.72 mM  H2O2 (equivalent to the residual concentration of 
 H2O2 after the reaction with 1 mM 2,4-DCP). After 48 h, 
the length of the seedlings’ roots was measured.
MTT Test
The viability of the cells and cytotoxicity effect were deter-
mined by the MTT assay with swine kidney (SK) cells, 
which is a colorimetric method based on the metabolic 
ability of the cells to reduce the yellow tetrazolium salt 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT) to a blue crystalline formazan product. The 
number of viable cells after exposure is directly propor-
tional to the amount of formazan produced, which can be 
quantified spectrophotometrically. Swine kidney (SK) cells 
were maintained in Dulbecco’s modified eagle’s medium 
(DMEM) supplemented with 5% foetal bovine serum, 1% 
antibiotic antimycotic solution (final concentrations: peni-
cillin, 100 U/mL; streptomycin, 0.1 μg/mL) in a humidified 
atmosphere of 5%  CO2 at 37 °C.
The samples were dissolved in a mixture of ethanol-
dimethylsulfoxide-minimum essential medium with Earle’s 
salts (MEM) (1.7 + 0.3 + 98, v/v/v). Serial log2 dilutions 
of the sample were made. Dilutions were transferred to 
the assay plate of cells SK (number of cells 4.1 × 105 mL). 
All plates were incubated for 48 h at 37 °C in a humidified 
atmosphere with 5%  CO2. A volume of 20 µL of the MTT 
stock solution was then added to each wells and plates were 
incubated for another 4  h. Supernatant was then removed 
using a multichannel micropipette and 100  µL DMSO 
were added to each well and measured spectrophotometri-
cally with an ELISA-Reader. Microplate spectrophotom-
eter (Elisa LEDETECT 96, Biogenet, Poland) and Mik-
roWin 2000 (Biogenet, Poland) were used for quantitative 
evaluation of cytotoxicity. The absorbance was measured 
at 510 nm, the wavelength of maximum absorption of the 
formazan derivative. Since all the absorption values of the 
samples were below 50% of the division activity they were 
considered toxic. Therefore, on the basis of the levels of 
dilution the maximum acceptable toxic levels were deter-
mined, namely the smallest concentration of tested sample 
in (mg/mL) which had toxic effect on the cell (IC50).
On the basis of the subsequent steps of dilution cyto-
toxicity—IC50 value was determined, which is the sample 
concentration at which cell proliferation was inhibited by 
50% compared to control cells. In the assessment of cyto-
toxicity there are used the values provided in the Table 1.
Statistics
Three independent replicates of each of the experiment 
were performed. Mean and the standard deviation were 
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calculated. Statistical significances of the between differ-
ences in the results were assessed with one-way ANOVA 
(p = 0.05). All statistical analyses were performed with Sig-
maPlot 11.0 (Systat Software). The figures show represent-
ative results for each series of the experiments.
Results and Discussion
2,4-DCP Removal from Synthetic Wastewater
The ability of potato pulp peroxidases to remove 1–3 mM 
2,4-DCP from the solution, was estimated by following the 
decrease in the 2,4-DCP concentration in the presence of 
potato pulp inoculum and  H2O2. Furthermore, reactions 
with PEG 3350 supplemented to the final concentration of 
100 or 200 mg/L were performed. To assess the specificity 
of the removal reaction, alongside the test samples, control 
reactions, devoid of  H2O2, were conducted. Irrespective 
of the initial 2,4-DCP concentration tested, the pollutant 
was removed from the solution with very high efficiency, 
oscillating between 95 and 98% (Fig.  1). The efficiencies 
in 2,4-DCP removal, over the concentration range tested, 
were comparable, notwithstanding the statistical signifi-
cance of differences between certain concentration vari-
ants (Fig. 1a, b). These results show that using potato pulp 
enables 2,4-DCP removal with the similar or higher effi-
ciency with respect to other peroxidase-containing mate-
rials, Angelini et  al. [3], showed that tobacco hairy roots 
extracts eliminated 2,4-DCP at 61.3 µM solution with the 
maximal removal efficiency reaching 92%. When gar-
lic roots were tested for their ability to detoxify 2,4-DCP, 
the maximal removal efficiency of 97% was observed for 
613  µM 2,4-DCP [1]. Transgenic alfalfa plants displayed 
the maximal efficiency (98.9%) of 2,4-DCP removal, over 
a 144 h-long treatment period, if 153 µM 2,4-DCP was sup-
plemented to the reaction mixture [17]. The concentrations 
of 2,4-DCP, assessed by the aforementioned authors, were 
much lower than initial 2,4-DCP concentrations used in our 
study (1–3 mM). On the other hand, 100 mM 2,4-DCP was 
removed with the efficiency of 92% by shiitake mushroom 
[18] and when tobacco hairy roots were tested, efficient 
2,4-DCP degradation was possible even for 1000 mM pol-
lutant solutions [2].
The prerequisite for the efficient 2,4-DCP removal was 
supplementing the reaction mixture with both potato pulp 
Table 1  Serial dilutions for 
isolates of extracts (µL/mL) 1st step 2nd step 3rd step 4th step 5th step 6th step 7th step 8th step 9th step 10th step
62.5 31.25 15.6 7.8 3.9 1.95 0.98 0.49 0.24 0.12
Fig. 1  Removal efficiencies at different 2,4-DCP concentrations. The 
reaction was performed in a medium composed of 100 mg of potato 
pulp, 2,4-DCP solution and 2.59  mM  H2O2. The control mixtures 
(pulp + 1, 2 or 3 mM 2,4-DCP) were devoid of  H2O2. The reactions 
were conducted in the presence (grey bars) or absence (black bars) of 
PEG 3350 in the concentration 100 mg/L (a) or 200 mg/L (b). Differ-
ent letters denote significant differences at p  ≤ 0.05
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and  H2O2. Contrastingly, the  H2O2-independent removal 
of 2,4-DCP was significantly lower for all assays (Fig. 1). 
Therefore we conclude, that the 2,4-DCP removal was 
strongly dependent on peroxidase activity. To provide 
further evidence for the enzymatic mechanism of 2,4-
DCP removal, we performed reactions with autoclaved 
potato pulp added instead of the native one (Fig.  2). The 
assays with the autoclaved pulp were performed in the 
same manner as those with native potato pulp, i.e. the 
 H2O2-supplemented test samples were accompanied by 
 H2O2-unsupplemented control variants. Under these condi-
tions, 2,4-DCP removal did not exceed 55%, when the reac-
tion mixtures were supplemented with  H2O2. Concurrently, 
up to 30% 2,4-DCP was removed in  H2O2-unsupplemented 
controls. No significant differences were observed 
between samples initially supplemented with different 
2,4-DCP concentrations. The partial 2,4-DCP removal 
in  H2O2-unsupplemented mixtures might be due to the 
adsorption on the potato pulp surface. A non-enzymatic 
oxidation by  H2O2 might also occur in assay mixtures 
supplemented with this oxidant, since adding  H2O2 to the 
reaction medium increased 2,4-DCP removal efficiency in 
the presence of autoclaved pulp (but not in a statistically 
significant way) (Fig.  2). These findings are correspond-
ing with data reported in our previous study, where it was 
shown that the removal of phenol by potato pulp did not 
exceed 55% in  H2O2-unsupplemented reaction mixtures, 
but amounted to 99%, given that both potato pulp and  H2O2 
were present in the reaction medium [15]. On the other 
hand, Wang et al. [1] observed, that the  H2O2-independent 
2,4-DCP removal by raw or autoclaved garlic roots was 
at the level of 18–27%. Similar results were obtained for 
tobacco hairy roots, where  H2O2-independent 2,4-DCP 
removal reached 18%, whereas autoclaved roots incubated 
with 2,4-DCP and  H2O2 displayed 23% pollutant removal 
[2].
It was shown, that adding PEG had beneficial effect on 
removal of phenol and phenol derivatives by extracted per-
oxidases [9]. Also, for hairy root cultures, Angelini et  al. 
[3] reported, that adding PEG 3350 to the reaction solu-
tion improved the efficiency of pollutant removal. How-
ever, similarly to González et al. [19], we did not observe 
any statistically significant differences, in the removal effi-
ciency, between the reaction variant with and without PEG 
supplementation (Fig.  1a, b). The previous experiments 
with phenol also did not show any relation between phe-
nol removal and the presence of PEG in the reaction mix-
ture [15]. PEG acts through preventing product-dependent 
denaturation of peroxidases [20]. Similar, protection and 
increase of efficacy was obtained by immobilizing puri-
fied peroxidases on silica or magnetic particles [11, 21]. 
Immobilization itself is known to stabilize enzymes [22], 
thus it is possible, that similar protection to potato pulp per-
oxidases is provided by cell wall material which they are 
immobilized on.
Residual  H2O2
To assess the possibility, that the post-reaction effluent 
might contain toxic concentrations of unreacted hydro-
gen peroxide, we determined the residual concentration 
of  H2O2, after the reactions were completed. The residual 
 H2O2 concentration was dependent on the initial 2,4-DCP 
concentration in the assay media. We observed, that the 
concentration of  H2O2 in post-reaction medium amounted 
to 0.718 ± 0.009 mM if 2,4-DCP was depleted from 1 mM 
solution, whereas mixtures initially supplemented with 2 
or 3  mM 2,4-DCP retained much lower  H2O2 concentra-
tions, respectively 0.235 ± 0.027 and 0.026 ± 0.001  mM. 
For comparison, if 1  mM phenol was removed by potato 
pulp in a peroxidase-catalyzed reaction, the concentration 
of residual  H2O2 amounted to 0.546 ± 0.09 mM [15]. The 
reported data stress the importance of the residual  H2O2 
in post reaction solutions, when the safety of peroxidase-
treated wastewaters is considered.
Effect of the Potato Pulp Weight Inoculum 
and Hydrogen Peroxide Concentration
Effect of potato pulp sample weight on the efficiency of the 
2,4-DCP removal was tested by supplementing the potato 
pulp in the range of 100–400  mg per 2.5  mL of reaction 
Fig. 2  Control variants. The figure shows 1–3 mM 2,4-DCP removal 
percentage after incubating 2,4-DCP with autoclaved potato pulp and 
2.59 mM  H2O2 or devoid of  H2O2 (2,4-DCP + pulp). Different letters 
denote significant differences at p  ≤ 0.05
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solution. There were no statistically significant differences 
between the variants tested, with the removal efficiency 
from nearly 95 to 98%, hence 100 mg of potato pulp was 
chosen for further experiments (Fig.  3). The potato pulp 
inoculum necessary for the removal of 2,4-DCP with 
high efficiency was lower than the one required for phenol 
depletion. As reported in our previous work, the maximal 
efficiency of phenol removal required three times higher 
potato pulp inoculum [15], compared to 2,4-DCP (Fig. 3). 
In adsorption studies on 2,4-DCP removal, where pome-
granate (Punica granatum) peels were used, 100  mg of 
adsorbent was used with 10 mL of 2,4-DCP solution. How-
ever, the reaction was conducted for 10 h [6]. On the other 
hand, when garlic roots were used as a peroxidase source, 
400 mg of fresh plant material was incubated in 10 mL of 
reaction solution to assure the efficient depletion of 2,4-
DCP from solution [1].
The effect of hydrogen peroxide concentration was 
tested by estimating the efficiency of the 2,4-DCP depletion 
in the presence of the series of  H2O2 concentrations. The 
reaction media were supplemented with 100 mg of potato 
pulp. We observed, that 1.94 mM  H2O2 was the lowest con-
centration which enabled 2,4-DCP removal with maximal 
efficiency. At higher  H2O2 concentrations the efficiency of 
the process remained unchanged (Fig. 4). Nevertheless, the 
concentration of 2.59  mM was chosen for further experi-
ments, as the one corresponding better with the previous 
experiments with phenol [15]. The reaction mixtures com-
pletely devoid of  H2O2 exhibited much lower 2,4-DCP 
removal (33.5%), whereas the optimal concentration of 
hydrogen peroxide ensured removal efficiency at the level 
of nearly 98% (Fig. 4). Our experimental set was character-
ized by a much lower  H2O2 demand compared to the one of 
Wang and co-workers [1], who found 10 mM  H2O2 optimal 
for the removal of 2,4-DCP from wastewater by garlic roots 
[1]. Similar, removing 2,4-DCP with peroxidase-producing 
tobacco hairy roots required 10 mM  H2O2 for optimal effi-
ciency [2].
Effect of pH on 2,4-DCP Removal
The effect of the reaction mixture pH was tested in the 
range from 2 to 10 in the presence of 1, 2 or 3 mM initial 
2,4-DCP concentration (Fig. 5). Under all 2,4-DCP concen-
trations used, the reaction carried on at pH 2 exhibited the 
lowest removal efficiency, amounting to 48% (Fig.  5a, b, 
c). Reactions performed in pH 4–10 did not display signifi-
cant differences between the experimental variants tested, 
showing the 2,4-DCP removal efficiency at the level of 
97–98%. Alongside the test reactions, the controls devoid 
of  H2O2 were performed, with the highest removal effi-
ciency amounting to 55%, but mostly not exceeding 40% 
(Fig. 5a, b, c). The optimal pH for 2,4-DCP removal due to 
peroxidase activity associated with garlic roots reported by 
Wang et al. [1] was 7, whereas Bhatnagar and Minocha [6] 
showed that 2,4-DCP depletion in an adsorption-based pro-
cess required pH ranging from 5.5 to 6.5. Potato pulp per-
oxidases retained their activity against 2,4-DCP over much 
wider range of pH, when compared to the aforementioned 
data, with no visible activity losses even in pH 10 (Fig. 5). 
On the other hand, the efficiency of phenol removal, was 
reduced to 60%, at this pH value [15].
Fig. 3  The effect of sample weight on 2,4-DCP removal. The reac-
tion medium was composed of 1 mM 2,4-DCP and different potato 
pulp inoculums, either supplemented with 2.59  mM  H2O2 (white 
bars) or devoid of  H2O2 (grey bars). Different letters denote signifi-
cant differences at p ≤  0.05
Fig. 4  The effect of  H2O2 concentration on 1 mM 2,4-DCP removal 
after 2  h reaction. Different letters denote significant differences at 
p ≤  0.05
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Effect of Temperature on 2,4-DCP Removal
The effect of the temperature was tested in the range of 
10 to 60 °C  using 1, 2 or 3 mM  2,4-DCP reaction solu-
tion as a reaction medium. We observed, that the removal 
efficiency did not drop below 95% irrespectively of the 
incubation temperature used. Even at the highest and low-
est temperatures applied, a very high rate of 2,4-DCP 
was maintained (Fig.  6). When the reaction solution sup-
plemented with 1 mM 2,4-DCP was tested, no significant 
differences were detected throughout the entire temperature 
range (Fig.  6a). In the case of 2  mM 2,4-DCP, the high-
est, over 97% removal efficiency was observed at 50 °C 
(Fig. 6b), and for 3 mM 2,4-DCP the highest percentage of 
removal reaction was observed at 60 °C, with the reaction 
efficiency at the level of over 96% (Fig. 6c). However, none 
of the differences were significant, showing that potato 
pulp peroxidases display high thermal stability and main-
tained their activity towards 2,4-DCP over a wide range 
of temperatures. Those results correspond with previous 
Fig. 5  The effect of different pH on 2,4-DCP removal. The reaction 
mixtures were composed of 100 mg of potato pulp, 2.59 mM  H2O2 
and 1  mM 2,4-DCP solution (a), 2  mM 2,4-DCP solution (b) or 
3 mM 2,4-DCP solution (c). Besides the reactions (black dots), con-
trol variants devoid of  H2O2 (white dots) were performed. Different 
letters denote significant differences at p  ≤ 0.05
 Waste Biomass Valor
1 3
data concerning phenol removal, when the efficient deg-
radation of this pollutant by potato pulp peroxidases, over 
wide temperature range was demonstrated [15]. The effi-
ciency of 2,4-DCP removal from wastewaters has not been 
assessed against temperature range yet. Angelini et al. [3], 
Bhatnagar and Minocha [6] and Wang et al. [1] performed 
their reactions at 25 °C. Interestingly, potato pulp was more 
resistant to thermal inactivation of the peroxidase activity 
than commercial peroxidases immobilized on silicone, that 
lost 90% of their activity in 60 °C. Soluble form of the same 
peroxidase retained 40% of its activity in 60 °C [7].
Effect of Shaking Rate
The intensity of shaking the wastewater during treat-
ment with potato pulp may affect the energy demand, 
and consequently the operating cost of the future large-
scale applications of this industrial waste for the remedia-
tion purposes. The effect of shaking rate on the 2,4-DCP 
removal efficiency was tested against controls, which 
were mixed thoroughly immediately after the reaction 
mixtures were composed, and then left on the bench. 
Simultaneously, the treated samples were subjected to 
different shaking intensities. Two h long continuous 
shaking of the rate ranging from 50 to 200 rpm was the 
variable (Fig.  7). Irrespectively of the initial 2,4-DCP 
concentration, the unshaken control displayed the lowest 
2,4-DCP removal efficiency compared to shaken samples. 
Nevertheless, the unshaken controls still displayed a very 
high degree of 2,4-DCP depletion ranging from almost 
91–93.5% (Fig.  7a, b, c). The differences in the effi-
ciency of the pollutant removal from potato pulp-treated 
Fig. 6  The effect of different temperatures on 2,4-DCP removal. The reaction mixtures were composed of 100 mg of potato pulp, 2.59 mM 
 H2O2 and 1 mM 2,4-DCP (a), 2 mM 2,4-DCP (b) or 3 mM 2,4-DCP solution. Different letters denote significant differences at p ≤ 0.05
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wastewater, between the shaken and unshaken samples, 
were more distinguished when treating phenol solution. 
The unshaken control in phenol-removal experiments dis-
played the efficiency at the level of 70% [15]. Shaking the 
samples, initially supplemented with 2 or 3 mM 2,4-DCP 
resulted in the same removal efficiency over the entire 
range of shaking rates applied, without any statistically 
significant differences between the samples that received 
shaking of different intensity (Fig.  7b, c). The reaction 
mixture supplemented with 1  mM 2,4-DCP, required 
a shaking rate of at least 100  rpm to show maximal 
removal efficiency (Fig. 7a). Nevertheless, the differences 
between the samples that received shaking of different 
intensities were negligible and under most shaking rates, 
the 2,4-DCP removal efficiency surpassed 98% (Fig.  7). 
To the best of our knowledge, range of shaking rates was 
not usually tested, when exploring the peroxidase-medi-
ated 2,4-DCP removal, with 100  rpm being most com-
monly applied [1, 3].
Lepidium sativum Toxicity Test
In order to determine, whether our method alleviated the 
toxic effect of 2,4-DCP on plants, we performed a toxic-
ity test on garden cress seeds. The root length of seed-
lings developed from seeds treated with the post reaction 
solutions initially supplemented with 1–3  mM 2,4-DCP 
and incubated with both potato pulp inoculum and 0.718 
 mMH2O2 (the concentration of residual  H2O2) was com-
pared to those treated with unreacted 2,4-DCP solutions 
or 2,4-DCP solutions subjected to incubation with potato 
pulp but unsupplemented with  H2O2. Plants germinated 
Fig. 7  The effect of shaking rate on 2,4-DCP removal. The reaction 
mixtures were composed of 100 mg of potato pulp, 2.59 mM  H2O2 
and 1  mM 2,4-DCP (a), 2  mM 2,4-DCP (b) or 3  mM 2,4-DCP (c) 
solution with different shaking rates. Different letters denote signifi-
cant differences at p ≤  0.05
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in the presence of tap water were considered as positive 
controls. The assay was complemented with the bulk of 
seedlings incubated with the aqueous solution of  H2O2 
corresponding to its residual concentration after the 2,4-
DCP removal reaction (Fig. 8). After 48 h of incubation, 
seedlings treated either with unreacted 2,4-DCP solutions 
or reaction mixtures devoid of  H2O2 did not germinate at 
all. Contrastingly the seedlings treated with post-reaction 
solutions representing all initial 2,4-DCP concentrations 
displayed roots’ length at the level of positive control 
(Fig.  8). Hence, we concluded, that application of our 
method of 2,4-DCP removal from aqueous solution effec-
tively alleviated toxic effects of 2,4-DCP on plants.
Similar to our results, Wang et  al. [1] reported that 
toxicity of 2,4-DCP solution was reduced due to the 
treatment with peroxidase-containing plant tissue. Using 
garlic roots as a source of peroxidase, the authors dem-
onstrated that, that the inhibitory effect of 2,4-DCP on 
Lactuca sativa seed germination and seedling growth was 
decreased by removing the pollutant during a peroxidase-
catalyzed reaction [1]. The toxicity test on L. sativum 
highlighted more toxic effect of 2,4-DCP on plants, com-
pared to phenol [15]. In contrast to 2,4-DCP, the equi-
molar phenol solutions did not prevent seed germination. 
Nevertheless, strong inhibition of the root growth, under 
treatments with increasing phenol concentration, was 
observed [15].
We did not observe any statistically significant differ-
ences between control seedlings and the ones treated with 
 H2O2 solution (Fig. 8). This finding suggests, that residual 
 H2O2 in the post reaction mixture did not have toxic effect 
on L. sativum seedlings. Our results corresponded to those 
reported by Angelini et  al. [3], who showed that  H2O2 in 
the concentration of 0.5 mM did not inhibit the growth of 
L. sativa seedlings.
MTT Toxicity Test
Chen et  al. demonstrated high cytotoxicity of chlorinated 
phenols using MTT test. They reported, that 2,4-DCP at 
0.3 mM concentration decreased cell viability to about 25% 
[23]. In this study 2 or 3 mM2,4-DCP displayed the high-
est cytotoxicity with the  IC50 of 31.25  µL/mL. The same 
toxicity level was maintained if cells were treated with 2 
and 3 mM 2,4-DCP preincubated with potato pulp, under 
the absence of  H2O2. The reduction in the cytotoxicity of 
2,4-DCP was observed if the solutions were pretreated with 
potato pulp in the presence of  H2O2.  IC50 for the post-reac-
tion mixture initially supplemented with 3  mM 2,4-DCP 
was determined to be 62.5  µL/mL and the one supple-
mented with 2 mM 2,4-DCP did not show the cytotoxicity 
at the detectable level (Table 2). Untreated 1 mM 2,4-DCP 
solution displayed lower toxicity than 2 or 3 mM 2,4-DCP, 
with  IC50 62.5  µl/mL. This value was not changed after 
1  mM 2,4-DCP was treated with pulp and  H2O2, but the 
solution did not display any detectable toxicity if incubated 
with potato pulp devoid of  H2O2 (Table 2). The results of 
the MTT test were mostly consistent with those obtained 
with L. sativum toxicity test. Both tests show the reduction 
in the 2,4-DCP toxicity if the pollutant was depleted from 
solution in the course of the incubation with potato pulp 
and  H2O2 (Fig. 8; Table 2).
Fig. 8  Toxicity test on Lepidium sativum. After 48  h of incuba-
tion, mean length of seedlings’ root is shown. The seedlings were 
treated with 0.718 mM  H2O2, 1–3 mM 2,4-DCP post-reaction solu-
tions, 1–3  mM 2,4-DCP solutions with pulp, devoid of  H2O2 (2,4-
DCP + pulp) and unreacted 1–3 mM 2,4-DCP solutions. Different let-
ters denote significant differences at p  ≤ 0.05
Table 2  The cytotoxicity of 2,4-DCP assessed with MTT test
a IC50 not determined




1 mM 2,4-DCP + pulp + 2.59 mM  H2O2 1 62.5 µL/mL
2 mM 2,4-DCP + pulp + 2.59 mM  H2O2 – nd*
3 mM 2,4-DCP + pulp + 2.59 mM  H2O2 1 62.5 µL/mL
1mM 2,4-DCP 1 62.5 µL/mL
2mM 2,4-DCP 2 31.25 µL/mL
3mM 2,4-DCP 2 31.25 µL/mL
1 mM 2,4-DCP + pulp – nda
2 mM 2,4-DCP + pulp 2 31.25 µL/mL
3 mM 2,4-DCP + pulp 2 31.25 µL/mL
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Conclusion
This study has shown the great efficiency of potato pulp 
to remove of 2,4-DCP. The 2,4-DCP removal efficiency 
ranged from 95 to 98% when 1–3 mM 2,4-DCP was used. 
The removal process was strongly dependent on the pres-
ence of  H2O2 in the reaction medium, which suggests that 
peroxidase-based mechanism is implicated in depletion of 
the pollutant from treated water. A bioremediation system 
should not only be cheap and scalable, but also versatile. 
Despite the enzymatic mechanism involved, the removal 
reaction was highly efficient under wide range of tempera-
tures and pH values. The detoxifying effect of 2,4-DCP 
oxidation was assessed by toxicity test. It was demonstrated 
that 2,4-DCP solutions treated with potato pulp showed 
significant reduction in toxicity with respect to untreated 
2,4-DCP solutions. So far, using potato pulp as a peroxi-
dase source has yielded high pollutant removal efficien-
cies for both phenol [15] and 2,4-DCP. Furthermore, using 
this peroxidase-containing material provides a convenient 
method for industrial dyes removal (data not shown), which 
makes potato pulp peroxidases a good alternative to meth-
ods exploited nowadays.
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